InGaN light-emitting diodes (LEDs) are more efficient and cost effective than incandescent and fluorescent lighting, but lattice mismatch limits the thickness of InGaN layers that can be grown on GaN without performance-degrading dislocations. In this work, we apply hybrid density functional theory calculations to investigate the thermodynamic stability, lattice parameters, and band gaps of wurtzite and zincblende quaternary BInGaN alloys. We find that the wurtzite phase is more stable and can be latticematched to GaN for BInGaN compositions containing up to ~30% boron. The lattice match with GaN decreases strain and enables thicker active layers that mitigate Auger recombination and increase the efficiency of the LEDs. The band gap of the alloy remains tunable throughout the visible spectrum. Our results indicate that BInGaN alloys are promising alternatives to InGaN for high-efficiency, high-power LEDs.
I. INTRODUCTION
InGaN light-emitting diodes (LEDs) enable significant energy and cost savings over incandescent and fluorescent lighting. Even greater cost savings can be achieved by increasing their efficiency or operating at higher power while keeping their efficiency high. 1 However, the ability of InGaN LEDs to operate with high efficiency at high power is hindered by the decrease of their internal quantum efficiency at high power (efficiency droop). This efficiency reduction is especially prevalent at longer wavelengths (green gap). Previous work has demonstrated that Auger recombination makes a significant contribution to the LED efficiency droop. 2 Since the Auger recombination rate is a function of a material-intrinsic Auger coefficient 3 and the electron and hole densities in the material, lowering the carrier density by increasing the InGaN quantum-well thickness and hence the active-region volume is the most promising and already demonstrated 4 method to reduce the Auger losses in InGaN. However, there are several materials challenges with this approach. The lattice mismatch between the InGaN active region and the underlying GaN layers causes performance-degrading dislocations to form if
InGaN is grown beyond a certain critical thickness (e.g., 5 nm for In 0.15 Ga 0.85 N). 5 Furthermore, the currently used multiple-quantum-well (MQW) structures also do not solve the droop problem because for the same total active thickness, a single InGaN layer has higher efficiency than an MQW structure. This is because hole injection is poor through multiple layers in MQWs and only the first few QWs near the p-layer emit light. [6] [7] [8] The lattice mismatch of InGaN to GaN can be addressed by co-alloying it with boron nitride to produce increases the lattice constant and lowers the band gap for x up to 0.058. 10 Co-alloying has also been examined in GaAs 1-x-y P x Bi y 11 and GaAs 1-x-y N x Bi y 12,13 , where the co-incorporation of P (N) and Bi yields alloys lattice-matched to GaAs and reduces the band gaps. Although BN preferentially crystallizes in the planar hexagonal structure, it is expected that for low BN content BInGaN alloys also adopt the wurtzite structure to minimize dangling bond formation and have a direct band gap determined primarily by the InGaN component. Previous work has shown that an approximate ratio of B:In ≈ 2:3 in wurtzite BInGaN produces alloys that are nearly lattice-matched to GaN. 9 This prediction agrees with a firstorder approximation of the in-plane lattice constant of BInGaN by Vegard's law. Therefore, maintaining this B:In ratio while varying the Ga content enables the tuning of the band gap while still maintaining the lattice match to GaN that is necessary to increase the active region volume and achieve higher efficiencies.
These predictions are also supported by previous computational studies of BInGaN systems. Assali et al. In alloying reduces the band gap while B alloying raises the direct gap slightly and has a nonlinear effect on the (larger) indirect gap. 14 Park and Ahn examined wurtzite BInGaN/GaN quantum wells using multiband effective mass theory and report a lower mismatch to GaN than InGaN and a large reduction in the internal polarization field. 15 This reduction increases carrier wave-function overlap and ultimately the predicted efficiency of light production. However, it is necessary to expand on this existing work using more accurate computational methods and accouting for compositional disorder in random alloys.
In this work, we explore the thermodynamic, structural, and electronic properties of wurtzite and 
II. METHODOLOGY
We employed the Vienna Ab initio Simulation Package (VASP) [16] [17] [18] [19] to perform DFT calculations using the projector augmented wave (PAW) method. 20, 21 We used a 600 eV plane-wave cutoff and GWcompatible pseudopotentials that included 3, 13, 13, and 5 valence electrons for B, In, Ga, and N, respectively. For structural relaxations, we used the optB86b-vdW functional 22 and a Γ-centered Wisesa-
McGill-Mueller Brillouin-zone grid with a minimum period distance of 21.48 Å. 23 Forces on atoms were relaxed to 1 meV/Å. We performed band-gap calculations with the Heyd-Scuseria-Ernzerhof (HSE06)
functional. [24] [25] [26] The Alloy Theoretic Automated Toolkit (ATAT) 27 was used to model random alloys using Special Quasi-random Structures (SQSs). This was done using a 3x3x2 supercell for the wurtzite structures and 30-, 40-, and 48-atom supercells of variable shape for the zincblende and planar hexagonal structures. The arrangement of cations approximated the pair-correlation functions of random alloys up to 5.125 Å, which corresponds to the second-nearest neighbor in-plane and the nearest neighbor along the z-direction for wurtzite and the second-nearest neighbor in zincblende.
We tested several compositions at each of the 1:2, 2:3, 3:4, 4:5, and 1:1 B:In ratios. For each composition, we generated and relaxed an SQS in the wurtzite, zincblende, and hexagonal structures to determine structural parameters and thermodynamic properties. The Gibbs free energy was calculated using the analytical model for the entropy of a random solid solution,
, where ! is the mole fraction for each of the N alloy ingredients, and ! is Boltzmann's constant. The hexagonal structures were not stable at any composition, so they were not included in future calculations. Since the 2:3, 3:4, and 4:5 ratios were closest to the expected lattice-matched compositions, we repeated the previous step four additional times at each composition for the wurtzite and zincblende structures (for a total of five SQSs at each composition). The electronic-structure calculations with the HSE06 functional were done for a single SQS for each composition that was selected because its band gap is close to the average PBE band gap of the five SQSs. We repeated these calculations for several alloys along the xand y-axis of the B y In x Ga 1-x-y N composition diagram (i.e., B y Ga 1-y N and In x Ga 1-x N).
Finally, we fit models to the enthalpy of mixing, band gap, and lattice parameters as a function of composition for the wurtzite and zincblende structures. We used the regular solution model for the enthalpy of mixing,
the bowing model for the band gap,
and a similar bowing model for the lattice parameters:
III. RESULTS
The thermodynamic, structural, and electronic properties of BInGaN alloys are plotted in Figs We also compare the relative stability of the wurtzite and the zincblende phases as a function of composition. The enthalpy of mixing for both phases was calculated with respect to the most stable phase of each binary compound (wurtzite for InN and GaN, and hexagonal for BN). Our results (Fig. 2) show that the wurtzite phase is more stable for quaternary BInGaN compositions closer to ternary InGaN, while the zincblende phase is more stable for those closer to ternary BGaN. For B compositions up to ~30%, the wurtzite phase of B y In x Ga 1-x-y N can be stabilized with the addition of In and can even be lattice matched to GaN by the co-incorporation of B and In at the appropriate ratio (discussed in Section III.B). This agrees with the expectation that the alloy adopts the wurtzite structure at low BN content to minimize dangling-bond formation. At boron compositions higher than 30%, the zincblende phase is the most stable independent of In content.
FIG. 2. Relative thermodynamic stability of wurtzite and zincblende B y In x Ga 1-x-y N alloys. The wurtzite
phase is more stable at compositions closer to InGaN, and the zincblende phase is more stable at compositions closer to BGaN.
We also found that the planar hexagonal structure is less stable than both the wurtzite and zincblende structures at all compositions tested. We performed structural relaxations on planar hexagonal structures throughout the composition range. Of the structures tested, most relaxed to a tetrahedral form (zincblende, wurtzite, or amorphous). The structures that remained planar hexagonal were generally higher in energy than the zincblende structure at the same composition by about 0.5 eV per cation.
B. Structural Parameters
We subsequently examined the lattice constants of the wurtzite and zincblende phases of B y In x Ga 1-x-y N as a function of composition. Our results are plotted in Figs. 3 and 4 , and our fitted model parameters are listed in Tables I and II. For compositions up to ~5% B in the wurtzite phase, maintaining a composition ratio of approximately 2 parts B to 3 parts In provides a lattice match to GaN along the a direction (Fig.   3 ). The lattice-matched ratio increases at higher B compositions, reaching as high as ~3:2 for B compositions above 40%. This may be a result of the large size mismatch between B and Ga/In, since atomic-size differences have been shown to contribute to deviations from Vegard's law. 28 The zincblende structure can also be lattice-matched to GaN, but the B to In ratio required for matching is much lower than that required for wurtzite (approximately 1 part B to 7 parts In at 5% B composition).
The zincblende structural data is illustrated in Fig. 4 .
By setting the left-hand side of Eqn. 3 equal to the a lattice parameter of wurtzite GaN, we can solve for the B composition (y) that provides a lattice match to GaN for a given In composition (x):
and similarly, the composition for matching the c lattice parameter in wurtzite is: 
C. Band Gaps
We also calculated the band gap of B y In x Ga 1-x-y N alloys and found that they span the entire visible spectrum both for the wurtzite and for the zincblende phases (Figs. 5 and 6 ). The fitted parameters to the gap-bowing model are listed in Tables I and II 
D. Lattice-Matched Compositions
The fitting parameters for each model are shown in Tables 1 and 2 
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The lattice-matched curve in (b) is represented by Eqn. 5.
E. Discussion
Our work using hybrid functionals agrees with that of Assali et al. using mBJ potentials to demonstrate that co-incorporation of B and In alloying reduce the band gap of zincblende GaN. 14 However, our results show that although the addition of boron content up to ~0.15 decreases the band gap, continuing to increase it beyond ~0.15 acts to increase the gap, while their work found a monotonic increase in the direct band gap with increasing boron addition.
Although our work has developed a more thorough understanding of the properties of BInGaN alloys, 
IV. CONCLUSION
In summary, we applied hybrid DFT calculations to explore the properties of quaternary BInGaN alloys.
Our results are in agreement with previous work that predicts a lattice match of BInGaN to GaN along the a direction with an approximately 2:3 ratio of B:In content. We have compared the thermodynamic stability of the wurtzite, zincblende, and planar hexagonal phases of BInGaN and determined the regions of relative stability. Our analysis shows that the wurtzite phase is more stable and can be lattice matched to GaN for BInGaN compositions containing up to ~30% boron. As a result, co-alloying InGaN with BN produce wurtzite BInGaN alloys that maintain an approximate lattice match to GaN while allowing for a band gap that is adjustable throughout the visible range. This lattice match decreases strain, which in turn allows for the growth of thicker active layers without performance-degrading dislocations. The thicker active layer decreases the carrier concentration at a given carrier density and ultimately mitigates Auger recombination. Therefore, wurtzite BInGaN alloys offer a solution to the efficiency-droop and green-gap problems of InGaN LEDs and are promising material for higher efficiency high-power visible
LEDs.
